Yura RE, Bradley SG, Ramesh G, Reeves WB, Bond JS. Meprin A metalloproteases enhance renal damage and bladder inflammation after LPS challenge. Am J Physiol Renal Physiol 296: F135-F144, 2009. First published October 29, 2008 doi:10.1152/ajprenal.90524.2008.-Meprin metalloproteases, composed of ␣ and/or ␤ subunits, consist of membrane-bound and secreted forms that are abundantly expressed in proximal tubules of the kidney as well as secreted into the urinary tract. Previous studies indicated that meprin metalloproteases play a role in pathological conditions such as ischemic acute renal failure and urinary tract infection. The aim of this work was to examine the role of meprins in endotoxemic acute renal failure using meprin ␣ knockout (␣KO), meprin ␤ knockout (␤KO), and wild-type (WT) mice. Differences among the responses of the genotypes were observed as early as 1 h after challenge with 2.5 mg/kg ip Escherichia coli LPS, establishing roles for meprins in the endotoxemic response. Meprin ␣KO mice displayed lower blood urea nitrogen levels and decreased nitric oxide levels, indicative of a decreased systemic response to LPS compared with WT and meprin ␤KO mice. Serum cytokine profiles showed lower levels of IL-1␤ and TNF-␣ in the meprin ␣KO mice within 3 h after LPS challenge and confirmed a role for meprins in the early phases of the host response. Meprin ␣KO mice were also hyporesponsive to LPS administered to the bladder, exhibiting significantly less bladder edema, leukocyte infiltration, and bladder permeability than WT mice. These data indicate that meprin A contributes to the renal and urogenital pathogenesis of endotoxicity. knockout mice; lipopolysaccharide; kidney; metalloproteinase ACUTE RENAL FAILURE (ARF) is a frequent complication of sepsis, a systemic response to infection that often leads to shock and multiple organ failure (49). Intraperitoneal (ip) administration of endotoxin or LPS, a glycolipid component of the gram negative bacterial cell wall, generates a robust host response similar to that observed during sepsis, including elevated blood urea nitrogen (BUN) and creatinine levels, extensive production of proinflammatory mediators (e.g., TNF-␣, IL-1␤), and release of the vasodilator nitric oxide (NO) (15, 20, 29, 54) . TNF-␣ is an important mediator of LPSinduced ARF and is also implicated in induction of hypothermia, a hallmark of the rodent response to endotoxemia and a reliable parameter for evaluating the acute effects of LPS (10, 19, 20, 34, 37) . The injurious effects of LPS are also readily apparent on transurethral administration of LPS, which produces a localized inflammatory response that resembles urinary tract infection (UTI) and consists of extensive leukocyte infiltration, edema, and urothelial disruption in the bladder tissue (17, 43).
ACUTE RENAL FAILURE (ARF) is a frequent complication of sepsis, a systemic response to infection that often leads to shock and multiple organ failure (49) . Intraperitoneal (ip) administration of endotoxin or LPS, a glycolipid component of the gram negative bacterial cell wall, generates a robust host response similar to that observed during sepsis, including elevated blood urea nitrogen (BUN) and creatinine levels, extensive production of proinflammatory mediators (e.g., TNF-␣, IL-1␤), and release of the vasodilator nitric oxide (NO) (15, 20, 29, 54) . TNF-␣ is an important mediator of LPSinduced ARF and is also implicated in induction of hypothermia, a hallmark of the rodent response to endotoxemia and a reliable parameter for evaluating the acute effects of LPS (10, 19, 20, 34, 37) . The injurious effects of LPS are also readily apparent on transurethral administration of LPS, which produces a localized inflammatory response that resembles urinary tract infection (UTI) and consists of extensive leukocyte infiltration, edema, and urothelial disruption in the bladder tissue (17, 43) .
Meprin metalloproteases are abundantly expressed in the brush-border membranes of kidney proximal tubules as well as secreted into the urinary tract (12, 45) . They are also expressed in the intestine, skin, and discrete populations of leukocytes (5, 12, 18, 36) . Meprins exist as homo-or hetero-oligomers of two evolutionarily related subunits, ␣ and ␤. The meprin ␤ subunit is membrane-bound, whereas the meprin ␣ subunit is proteolytically processed during biosynthesis and loses its transmembrane domain. Thus, membrane-bound forms of meprin include meprin B (dimers of ␤ subunits) and heteromeric meprin A (tetramers of ␣ and ␤ subunits); by contrast, homomeric meprin A (multimers of ␣ subunits) is secreted from cells as large multimers (6, 27) . In the meprin ␣KO mouse, only membrane-bound dimeric meprin B is present, whereas in the meprin ␤KO mouse, only secreted homomeric meprin A is present (40) .
Several lines of evidence implicate meprin metalloproteases in inflammatory processes. For example, while the peptide bond specificities of the meprin subunits are substantially different, all forms of meprin A and B are capable of hydrolyzing ECM proteins, including laminin, collagen IV, nidogen-1, and fibronectin, and one study proposed that meprins are responsible for the majority of ECM degrading activity in rodent kidney (7, 31, 50) . Additionally, cytokines/chemokines have been identified as meprin substrates in vitro. Meprin A is capable of hydrolyzing the NH 2 termini of several cytokines and chemokines, including CCL3 (MIP-1␣) and CCL2 (MCP-1), rendering them biologically inactive, whereas meprin B completely degrades TECK/CCL25 and activates pro-IL-1␤ (2, 24, 41) . Recently, meprin ␤ was shown to activate pro-IL-18 in vitro and in vivo in a model of chronic intestinal inflammation (4) . Deletion of the meprin ␤ gene decreased the migratory ability of leukocytes in vitro, pointing to a potential role in leukocyte transmigration (18) .
Meprins have also been implicated in pathological conditions such as ARF, UTI, and inflammatory bowel disease (12, 14, 16, 18, 47) . Previous studies demonstrated that treatment with actinonin, an inhibitor of meprins, attenuates the extent of kidney damage in rodent models of ARF (16, 25, 26) . However, actinonin inhibition is not specific for the meprins and can also inhibit aminopeptidases and some matrix metalloproteases (14) . In addition, a study of meprin expression in human urine identified a correlation between high meprin A protein levels and active UTI (12) . Taken together, the data implicate a role for meprins in renal and urogenital pathologies.
The aim of these studies was to utilize two meprin knockout (KO) mouse models to determine how meprin ␣ and meprin ␤ contribute to the host response to an ip LPS challenge. Plasma BUN, creatinine, body temperature, and several inflammatory mediators were monitored to gain insight into the role of meprin in the response to systemically administered LPS. Another aim was to determine whether the lack of meprin A alters the inflammatory response to a localized LPS challenge to the bladder, as measured by leukocyte infiltration and bladder edema. The effect of meprin A on bladder permeability in vivo was determined to provide insight into the mechanism by which meprins enhance the host response to LPS. These studies are the first to demonstrate a relationship between the inflammatory response and the meprins in a systemic and intravesical LPS challenge and establish a determinative role for meprin A in the host response to LPS.
METHODS
Mice. Female meprin ␣KO and meprin ␤KO were used at 8 -9 wk of age for all experiments. Because meprin ␣KO mice were generated in C57BL/6 mice with 129x1/Sv embryonic stem cells, mixed background C57BL/6 ϫ 129x1/Sv littermates were used as wild-type (WT) controls (35) . C57BL/6 mice were used as WT controls for the meprin ␤KO mice, as these animals were backcrossed for 13 generations on a C57BL/6 strain. Meprin ␣KO and meprin ␤KO animals were derived as previously described (3, 40) . All mice were maintained in conventional housing and were allowed water and rodent chow ad libitum. All animal protocols were approved by the Penn State Institutional Animal Care and Use Committee.
LPS administration, blood and tissue preparation, and temperature monitoring. Meprin KO and WT mice were challenged ip with 2.5 mg/kg body wt LPS (Escherichia coli 0111:B4, purified by gel filtration chromatography, Sigma, St. Louis, MO) or sterile saline. Body temperatures were monitored via a rectal thermistor (ColeParmer, Vernon Hills, IL) at ambient room temperature. Blood samples were collected from the tail vein into lithium/heparin tubes (Sarstedt, Newton, NC), and plasma was isolated by centrifugation at 10,000 g for 8 min at 14°C.
Immunohistochemistry. For immunohistochemical analysis, methyl Carnoy's-fixed (60% methanol, 30% chloroform, 10% acetic acid) and paraffin-embedded kidney specimens were cut into 4-m sections and stained with hematoxylin and eosin (H&E). Acute tubular necrosis was assessed in the outer strip of the outer medulla and cortex using a semiquantitative scale in which the percentage of tubules showing epithelial necrosis, brush-border loss, and vacuolation was assigned a score: 0 ϭ normal, 1 ϭ Ͻ10%, 2 ϭ 11-25%, 3 ϭ 26 -45%, 4 ϭ 46 -75%, and 5 ϭ Ͼ76% (42, 52) . Ten fields of ϫ40 magnification were examined and averaged. The individual scoring the slides was blinded to the genotype of the animal.
Quantification of BUN, creatinine, nitrate/nitrite, and cytokine/ chemokine levels. To assess renal function, BUN levels were determined by Vitros DT6011 BUN chemistry slides (Ortho Clinical Diagnostics, Rochester, NY), and creatinine levels were determined by an end-point colorimetric creatinine assay (Diazyme Laboratories, Poway, CA). Serum nitrate/nitrite levels were determined using the Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical, Ann Arbor, MI). Serum samples were ultrafiltered through Microcon YM-10 10-kDa microfuge filtration devices (Millipore, St. Charles, MO) before determination of nitrate/nitrite to reduce background. Serum cytokines (IL-1␣, IL-1␤, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, MCP-1, IFN-␥, TNF-␣, MIP-1␣, GM-CSF, RANTES) were measured using the ELISA-based Quansys Q-Plex Mouse Cytokine Array (Biolegend, San Diego, CA). Imaging of the array was performed on the EC3 Biochemi imaging system equipped with CCD camera (UVP, Upland, CA) and analyzed with Quansys Q-View software. Serum TNF-␣ levels were confirmed using the Quantikine Mouse TNF-␣ ELISA assay (R&D Systems, Minneapolis, MN).
Murine model of bladder inflammation. The protocol for LPS bladder infusion was adapted from Saban et al. and Haugen et al. (23, 43) . Mice were anesthetized via isofluorane inhalation and the abdomens were massaged to empty residual urine. Twenty micrograms of LPS in 50 l of sterile PBS were slowly instilled into the bladder using a 0.5-mm polyethylene catheter (Intramedic PE 10) attached to the hub of a 50-l #705 syringe (Hamilton) with a 30-gauge blunt- tipped needle. Mice were killed by cervical dislocation following anesthesia by isofluorane inhalation.
Myeloperoxidase assay. Mouse bladders were homogenized in 10 Vol of potassium phosphate buffer and centrifuged at 20,000 g for 20 min at 4°C. The supernatant fluid was discarded and the sediment was suspended in 0.5% hexa-decyl-trimethyl-ammonium bromide buffer. After five 3-s sonications, the preparation was freeze-thawed three times and incubated on ice for 20 min. The lysate was centrifuged and 50 l of the supernatant fluid were added to 1.45 ml of potassium phosphate buffer containing o-dianisidine dihydrochloride and hydrogen peroxide, and the change in absorbance at 460 nm was measured over 3 min. Myeloperoxidase (MPO) activity is expressed in MPO units per gram of bladder tissue, where 1 MPO unit is equal to the cleavage of 1 mmol H 2O2.
Assessment of bladder permeability after LPS instillation. The protocol to determine bladder permeability was adapted from Eichel et al. (21) . Briefly, 200 l of 10 mg/ml sodium fluorescein were instilled into the bladders of anesthetized mice at several time points after LPS bladder challenge. After 15 min, serum samples were collected, diluted with saline, and sodium fluorescein concentrations were measured fluorometrically.
Statistical analysis and graphing software. PRISM GraphPad statistical software was used to plot figures and for data analysis. Results are expressed as means Ϯ SE; a P value Ͻ0.05 was considered significantly different.
RESULTS

Meprin A contributes to LPS-induced renal injury.
To determine whether meprins participate in LPS-induced kidney injury, meprin ␣KO and WT mice were challenged ip with a non-lethal dose of 2.5 mg/kg E. coli LPS, and BUN and creatinine levels were measured ( Fig. 1A) (42) . In LPS-challenged mice, plasma BUN levels were significantly higher than saline controls by 6 h. The BUN response to LPS was markedly different between meprin ␣KO and WT genotypes. In LPS-challenged WT mice, BUN levels continued to rise until 12 h, remained elevated above saline controls at 24 h, and were significantly higher compared with BUN levels in LPS-challenged meprin ␣KO mice at 6, 12, and 24 h. For LPSchallenged meprin ␣KO mice, BUN levels peaked at 6 h and declined to baseline saline levels by 12 h. BUN levels in LPS-challenged WT, C57BL/6, and 129x1/Sv mice were not significantly different (data not shown). No genotypic differences were observed in response to higher LPS challenges of 5 or 10 mg/kg (data not shown). Changes in plasma creatinine levels were congruent with BUN levels and demonstrated attenuated renal damage in LPS-challenged meprin ␣KO compared with WT mice (Fig. 1B) . Meprin ␤KO and WT mice showed similar BUN profiles for 12 h after challenge with LPS ( Fig. 1C ) in contrast to the meprin ␣KO animals. There was a tendency for the BUN levels in meprin ␤KO mice to be higher than WT levels, but the differences were not significant.
Marked differences in renal histology were present between meprin ␣KO and WT mice 24 h after LPS challenge (Fig. 2) . Semiquantitative scoring of tubule injury was significantly higher in LPS-treated WT kidneys (3.18 Ϯ 0.35) in contrast to LPS-treated meprin ␣KO kidneys (1.52 Ϯ 0.51; P Ͻ 0.0004). The presence of vacuoles and tubule dilation in the cortex was WT mice after LPS challenge. Kidneys were harvested from WT and meprin ␣KO mice 24 h after ip injection of 2.5 mg/kg LPS. Four-micrometer sections were stained with hematoxylin and eosin (H&E) and examined at ϫ40 magnification. A: meprin WT mice exhibit greater renal injury in contrast to ␣KO mice (B). Black arrows indicate severe tubule dilation and vacuole formation in WT kidneys. *Red blood cell accumulation. C: acute tubular necrosis was assessed in the juxtamedullary cortex using a semiquantitative scale in which the percentage of tubules showing epithelial necrosis, brush-border loss, and vacuolation was assigned a score: 0 ϭ normal, 1 ϭ Ͻ10%, 2 ϭ 11-25%, 3 ϭ 26 -45%, 4 ϭ 46 -75%, and 5 ϭ Ͼ76%. Semiquantitative scoring of tubule injury was significantly higher in LPS-treated WT kidneys (3.18 Ϯ 0.35) in contrast to LPStreated meprin ␣KO kidneys (1.52 Ϯ 0.51). *P Ͻ 0.0004, with n ϭ 5 kidneys per genotype. more apparent in kidneys from WT mice ( Fig. 2A ) than in meprin ␣KO mice (Fig. 2B) . Abnormal vacuole formation was also observed in the outer strip of the outer medulla in WT mice (data not shown). Additionally, brush-border damage and accumulation of red blood cells between the tubules were more severe in WT mice, confirming a greater preservation of renal function in the meprin ␣KO mice after LPS challenge.
Meprin A contributes to LPS-induced hypothermia. Because ip administration of LPS has been shown to induce prolonged hypothermia in mice, the body temperatures of meprin KO and WT mice were monitored at several time points after LPS challenge (10, 34) . The body temperatures of all genotypes of LPS-challenged mice decreased several degrees by 2 h after ip LPS challenge (Fig. 3) . WT body temperatures continued to decrease at 6 h, remained low at 12 h, and returned to normal by 24 h. In contrast, body temperatures of the meprin ␣KO mice began recovery by 6 h, continued to rise at 12 h, and returned to normal by 24 h (Fig. 3A) . By 12 h, body temperatures of LPS-challenged meprin ␣KO were not significantly different from saline-treated controls. Meprin ␤KO mice demonstrated marked hypothermia upon LPS challenge, and the hypothermic response in the meprin ␤KO was slightly greater than that of the WT at both 12 and 24 h (Fig. 3B) .
Meprin A contributes to LPS-induced elevation of serum nitrate/nitrite. Serum nitrate/nitrite was measured to estimate the levels of NO in the blood after LPS challenge. Nitrate/ nitrite levels peaked at 12 h and returned to baseline by 48 h in both meprin ␣KO and WT mice (Fig. 4A) . However, nitrate/ nitrite levels declined sharply by 24 h in the meprin ␣KO mice but remained elevated in the WT mice. No significant difference in serum nitrate/nitrite levels was observed between the meprin ␤KO and WT animals after LPS challenge, although there was the tendency for greater nitrate/nitrite levels in the meprin ␤KO mice (Fig. 4B) . Nitrate/nitrite levels were low or nondetectable in saline-injected controls (data not shown).
Serum proinflammatory cytokines are significantly elevated in WT vs. meprin ␣KO animals. To determine whether differential cytokine expression could be responsible for the observed differences between the WT and meprin KO mice, serum levels of 16 cytokines were analyzed for the first 3 h in both meprin KO genotypes after an ip LPS challenge. Distinct differences in the levels of TNF-␣ and IL-1␤ were observed after ip LPS challenge (Fig. 5) . TNF-␣ levels rose sharply 30 min after LPS challenge, peaked at 1 h, and then began to decrease in all genotypes. TNF-␣ levels decreased more rapidly at 2 and 3 h in the meprin ␣KO compared with WT mice (Fig. 5A) . By contrast, no significant differences were observed in serum TNF-␣ between the meprin ␤KO and WT mice (Fig.  5C ). Levels of IL-1␤ rose sharply after 30 min and remained elevated at 3 h in LPS-challenged WT mice. In the meprin ␣KO mice, IL-1␤ levels peak at 2 h, with significantly lower levels in the serum at 1 and 3 h (Fig. 5B) . No significant differences were observed between the meprin ␤KO mice and their WT counterparts with respect to IL-1␤ profiles (Fig. 5D ).
Although the cytokines exhibited different temporal expression patterns in response to LPS, no marked genotypic differences were observed after LPS challenge with respect to IL-2, IL-3, IL-9, IL-10, IL-12, IFN-␥, MIP-1␣/CCL3, or RANTES/ CCL5 (Tables 1 and 2 ). Statistical differences between the genotypes were observed for IL-1␣, IL-5, IL-6, and MCP-1/ CCL2, but the numerical differences between the meprin KO and WT mice were marginal (Tables 1-2) .
To confirm the genotypic differences observed in the levels of serum TNF-␣ determined by cytokine array, ELISA was performed (data not shown). The ELISA data were congruent with the cytokine array data and confirm that TNF-␣ levels fell more rapidly in mice lacking meprin A. This trend was also consistent at later time points after LPS challenge, with decreased TNF-␣ levels in the meprin ␣KO mice at 12 h (␣KO 53 Ϯ 32 pg/ml vs. WT 173 Ϯ 55 pg/ml; P ϭ 0.002).
Meprin A contributes to the leukocyte response and edema in a model of bladder inflammation. Because the most marked differences were observed in the meprin ␣KO genotype, which lacks meprin A, subsequent studies focused on these mice. To relate the systemic studies to a specific target organ, meprin ␣KO and WT mice were challenged with transurethral administration of LPS. MPO activity was measured to determine the extent of leukocyte infiltration into the bladder, and bladder weights were utilized to determine the degree of edema (53) . Both bladder edema and MPO activity rose sharply within 3 h after transurethral administration of LPS (Fig. 6 ). Substantially more MPO activity was observed 24 and 48 h after LPS treatment in WT vs. meprin ␣KO bladders, indicating an attenuated host response in the meprin ␣KO mice (Fig. 6A) . In addition, LPS-treated bladders were significantly heavier in WT vs. meprin ␣KO mice as early as 3 h after LPS instillation, indicating more extensive edema in the WT bladders (Fig. 6B) . Serum BUN levels at 24 h after LPS instillation into the bladder were normal and not significantly different between WT and meprin ␣KO genotypes (data not shown), confirming that the LPS challenge did not induce a systemic host response.
Meprin A contributes to loss of bladder permeability after an LPS bladder challenge. To determine the extent of bladder damage inflicted by LPS-induced bladder inflammation, bladder permeability after LPS challenge was determined by measurement of sodium fluorescein leakage from the bladder into the serum (21) . At several time points after transurethral LPS administration, sodium fluorescein instilled into the bladder appeared in the blood (Fig. 7) . Significantly more sodium Fig. 5 . Serum cytokine levels in KO compared with WT mice after LPS challenge. WT and meprin KO mice were injected ip with 2.5 mg/kg LPS or saline. Blood serum samples were collected at 0.5, 1, 2, and 3 h postinjection and the levels of 16 cytokines were determined by an ELISA-based array. TNF-␣ levels (A) and IL-1␤ levels (B) were significantly lower in meprin ␣KO mice after LPS challenge in contrast to WT counterparts. TNF-␣ levels (C) and IL-1␤ levels (D) were similar in meprin ␤KO and WT mice after LPS challenge. The data are an average of 2 independent experiments, with *P Ͻ 0.05 WT vs. KO mice. Results are expressed as means Ϯ SE, with n ϭ 10 -12, per genotype, per time point. Cytokine levels in saline-injected controls were low or below detection limits. fluorescein was detected in the blood of WT samples than in meprin ␣KO samples at 6 h after LPS challenge. By 12 h, both meprin ␣KO and WT mice displayed substantial loss of barrier function, with WT affected to a greater extent than meprin ␣KO mice.
DISCUSSION
These studies with the meprin KO mice are the first to demonstrate that meprin A has a determinative role in host response to challenge with LPS. The data establish that the presence of meprin A contributes to LPS-induced renal damage, hypothermia, and proinflammatory cytokine production. Taken together, the data indicate that the meprin ␣ subunit enhances the host response to LPS and that the absence of meprin A protects against LPS-induced injury. These results were confirmed and extended in an LPS-induced model of bladder inflammation, which highlights participation of meprin A in increased leukocyte infiltration and edema in bladder tissue. The observed breakdown in the bladder barrier could be attributed to the ability of active meprin A to disrupt cellular tight junctions, as bladder permeability after LPS challenge was markedly decreased in mice lacking meprin A.
The BUN and creatinine data indicate that WT mice were more susceptible to LPS-induced renal injury than the meprin ␣KO mice. Several studies implicate early release of proinflammatory cytokines into the circulation in mediating LPSinduced kidney damage, and increased levels of TNF-␣ in plasma have been correlated with severity of outcome (37, 39, Results are expressed as means (pg/ml) Ϯ SD, with n ϭ 10 -12, per genotype, per time point. Data are an average of two independent experiments. Values in bold indicate P Ͻ 0.05 knockout (KO) vs. wild-type (WT). LPS, lipopolysaccharide; ip, intraperitoneal. 44 ). Furthermore, data indicate that maintaining a proper balance among proinflammatory cytokines is critical and that short-term disturbances in inflammatory mediators can have long-term detrimental effects (38, 51) . For example, it has been shown that an imbalance between levels of TNF-␣ and the TNF receptor 1-4 h after an initial immune insult results in persistence of biochemical and hemodynamic perturbations for as long as 18 h despite endogenous correction at 8 -12 h (1). This is likely due to the ability of freely circulating TNF-␣ to induce other factors that perpetuate the dysregulated immune response. Differential regulation of TNF-␣ 1-3 h after ip LPS challenge could thus account for the marked differences observed 12 and 24 h after LPS challenge in the meprin ␣KO and WT mice.
The release of cytotoxic TNF-␣ as a consequence of LPS challenge has been associated with renal failure, and treatment with anti-TNF antibody affords LPS-challenged mice protection from septic shock (8, 22, 29) . Furthermore, TNF-␣ acts synergistically with IL-1␤ in the endotoxemic response (34) . Serum levels of TNF-␣ and IL-1␤ are lower in mice lacking meprin A after LPS challenge. Thus, it is likely that the prolonged elevation of cytokine levels in WT mice contributes to the more extensive kidney damage observed compared with the meprin ␣KO mice. Meprin ␤KO mice produce only homomeric meprin A, whereas the WT mice produce all three meprin isoforms. The marked difference between the meprin ␣KO mice and their WT counterparts corroborates the proposition that homomeric meprin A contributes to LPS-induced kidney in- jury. Consistent with these results, previous work with C3H/He mice that have low levels of kidney meprin A shows less kidney damage when subjected to ischemia reperfusion in contrast to C57BL/6 mice with high levels of meprin A (9, 13, 47) .
The body temperature data are congruent with the BUN data and indicate a marked genotypic difference in the response to LPS, with significantly less hypothermia in the meprin ␣KO mice compared with WT. TNF-␣, along with IL-1␤, modulates the hypothermia observed in mice after LPS challenge (34) . Specifically, data indicate that TNF-␣ injection induces hypothermia, and LPS-induced hypothermia can be reversed with soluble TNF receptor (10, 30) . The dramatic hypothermia observed in the WT mice might be due in part to higher levels of TNF-␣ at 3 h, whereas the attenuated hypothermic response observed in the mice lacking meprin A could be attributed to the lower levels of TNF-␣ and IL-1␤.
LPS triggers the synthesis of iNOS, which results in an increase in production of NO, a potent vasodilator and mediator of organ failure in endotoxemia (29) . TNF-␣ and IL-1␤ have redundant activities, including eliciting NO production (28, 32, 44) . Studies by Holly et al. (26) identified elevated nitrate levels at 8 and 24 h after induction of sepsis in a rodent model, with greater nitrate levels in animals also exhibiting severe ARF. This is consistent with our observations of LPSchallenged meprin ␣KO mice, which demonstrate both attenuated renal failure and lower serum nitrate levels compared with WT counterparts.
The data indicate a decreased inflammatory response to bladder LPS challenge in mice lacking meprin A compared with WT counterparts. The inflammatory cascade that LPS sets in motion is amplified by leukocyte recruitment, and the data herein indicate that fewer leukocytes are infiltrating into the inflamed meprin ␣KO bladders compared with WT (48) . These results are consistent with work by Herzog et al. (25) which demonstrates decreased leukocyte infiltration after treatment with the meprin inhibitor actinonin in a model of cisplatininduced kidney failure. The differential response of meprin genotypes may reflect either the rate at which TNF-␣-producing leukocytes migrate to the site of injury or the modulation of TNF-␣ functionality.
Maintenance of proper barrier function is crucial in protection from endotoxemia, and the barrier between urine and blood constituents is maintained by the apical membrane as well as tight junctions in the uppermost epithelial cell layer of the bladder (33, 44, 48) . Loss of barrier function causes leaking of urine into the lamina propria of the bladder and leads to inflammation of the underlying musculature. Thus, the significant increase in bladder permeability observed in WT compared with meprin ␣KO bladders could account for the enhanced bladder edema present in LPS-challenged WT bladders (33) . Several lines of evidence implicate metalloproteases in disruption of junctional proteins, but specific enzymes have not been identified (11, 46) . Meprins could be among the proteases actively involved in breakdown of tight junction proteins, as Fig. 6 . Less bladder myeloperoxidase (MPO) activity and edema in meprin ␣KO vs. WT after transurethral administration of LPS. LPS (20 g) was instilled into the bladder via catheter. Mice were necropsied at multiple time points, and leukocyte infiltration was measured by MPO assay. A: bladders from WT mice had significantly more MPO U/g bladder tissue vs. meprin ␣KO. *P ϭ 0.01 at 24 h. **P Ͻ 0.015 at 48 h. MPO activity was low in saline controls (0.3 Ϯ 0.18 MPO U/g). B: bladder-to-body weight ratios were higher in WT vs. ␣KO, indicating more bladder edema. *P ϭ 0.007 at 3 h. **P Ͻ 0.01 at 6 h. ***P Ͻ 0.005 at 12 h. #P Ͻ 0.02 at 24 h. The data are an average of 2 independent experiments, with n ϭ 8 -12 mice per genotype, per time point. Dashed lines indicate average value for saline-treated control animals. Fig. 7 . Less bladder permeability in meprin ␣KO mice after LPS challenge. After LPS bladder challenge, sodium fluorescein (NaFl) was instilled into bladders at 6, 12, 24, or 48 h and serum was analyzed after 15 min. Leakage of NaFl into the serum was significantly higher in WT vs. ␣KO mice. *P ϭ 0.02. The data are an average of 2 independent experiments, with n ϭ 14 mice per genotype. Serum NaFl levels of saline-treated control WT and meprin ␣KO mice were below detection limits at all time points.
initial studies indicate that meprin treatment of Madin-Darby canine kidney cells in culture resulted in disruption of the tight junctions between these cells (data not shown).
Meprin A's role in the host response to LPS has been shown to involve modulation of serum chemokine levels as well as epithelial barrier function. These studies demonstrate that meprin A exacerbates LPS-induced kidney damage, contributes to increased levels of LPS-elicited TNF-␣ and IL-1␤, and disrupts tight junctions in vitro and in vivo, leading to increased epithelial permeability, greater leukocyte infiltration, and enhanced bladder edema.
